An average shear-wave velocity structure has been estimated for the path between the Kamchatka Isthmus and Petropavlovsk-Kamchatski. It is obtained from the Monte Carlo inversion of the Rayleigh and Love wave group velocity dispersion curves measured using broad-band seismograms of events in Northern Kamchatka recorded by the IRIS station PET in Petropavlovsk-Kamchatski. The Moho interface was found at a depth of 35±5 km and the Konradoneat 18±4km. An important feature of the found structure is a low velocity in the upper mantle. This result is coherent with the recent and present-day volcanic activity in Kamchatka. Synthetic long period seismograms computed for the obtained structure are in good agreement with observed ones.
Introduction
Kamchatka peninsula is located in the northwestern Pacific Ocean. Its tectonic regime is dominated by the subduction of the Pacific plate under the Eurasian plate. Main morphological structures of the peninsula are two mountain ridges with a northeastern trend (Fig. 1) . The Eastern ridge is essentially formed by an active volcanic belt related to the present day subduction of the Pacific plate. The volcanic belt located in the Middle ridge was active at least up to Holocene time (Shapiro et al., 1987) . Therefore, almost all the territory of Kamchatka is characterized by recent or present-day volcanism.
Numerous studies of the crustal and upper mantle structure have been provided in Kamchatka. Kuzin (1974) , Balesta (1981) , and Gorbatov et al. (1997) have studied the structure of the focal zone in the Eastern Kamchatka. Anosov et al. (1978) and Balesta and Gontovaya (1985) have reported P-wave velocities measured from refraction and reflection seismic experiments provided in two locations: (1) in Eastern Kamchatka, in the vicinity of Petropavlovsk-Kamchatski: (2) in Central Kamchatka, in the region west of Klucheskoy volcano. Slavina and Fedotov (1974) have studied P-wave velocities in the upper mantle using the arrival times of the Pn seismic phase. Tomographic inversions of the travel times of P-waves have been provided by Slavina and Pivovarova (1992) and Gorbatov et al. (1999) . Most of these studies concern P-wave velocities, while the S-wave velocity structure of Kamchatka remains almost unknown. However, the knowledge of the 5-wave velocities is essential: (a) in better *Center lor Imaging [he Earth's Interior, University of Colorado at Boulder, Campus Box 390, Boulder. CO 80309, U.S.A.
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understanding of the geodynamic evolution of Kamchatka, (b) in calculation of synthetic seismograms and estimation of the ground motion from future earthquakes, (c) in improvement of earthquake locations, and (d) in estimation of their focal parameters.
Actually, the Kamchatka Geophysiscal Service uses a model essentially based on the study of Kuzin (1974) provided in Eastern Kamchatka. This approach is justified for processing of a major part of earthquakes occurring in the subduction zone. However, the processing of earthquakes originating from the central, western, and northern parts of the peninsula requires a model more adequate for these regions.
In this study, we use a surface wave approach. It allows us to develop an average fiat-layer shear-velocity model. Since the selected epicenter-station paths cross almost all the peninsula from the Kamchatka Isthmus to PetropavlovskKamchatski, the model obtained can be considered as a firstapproximation S-velocity structure for Kamchatka.
Measurement of Group Velocities
A very broad band station has been operated by the IRIS consortium and the Geophysical Service of Kamchatka since 1993 in Petropavlovsk-Kamchatski. A description of the station can be found at the IRIS Global Seismological Network web-site. We have used broadband velocity records (BH channel) of four events originated from the region of the Kamchatka Isthmus. Locations of the events are shown in Fig. 1 and listed in Table 1 . Since only one broadband station has been available, we did not measured phase velocities. The measurement of the phase velocity using one-station record requires a correction for the source phase. However, the exact information on the source mechanism for all events has not been available.
The group velocity of the fundamental modes of the Rayleigh and Love waves were measured using a frequencytime analysis (see e.g. Dziewonski et al., 1969 , Herrmann, 1987 , Levshin et al, 1989 . In order to improve the definition of the dispersion curves, we applied the stacking procedure which accumulates the information provided by all available events and provides an average dispersion curve for the region of interest (Campillo et al.. 1996; Shapiro et al, 1997) . We used the vertical component records of all four events to construct a stacked period-group velocity diagram for the Rayleigh wave and transverse component record of events 1 and 4 for the Love wave diagram. We integrated the velocity records in order to compensate for a strong decrease in the velocity spectra at periods greater than 20 s. Three-component displacement seismograms are presented in Fig. 2 . Subsequently, we applied the stacking in the period-group velocity domain. During the stacking, we corrected systematic errors of the group velocity measurement caused by the decrease of the spectral amplitude at large periods by replacing the central frequency of the filter by the centroid frequency of the filtered spectrum as described by Shapiro and Singh (1999) . Resulting period group velocity diagrams are shown in Fig. 3 . We measured group velocities of the Rayleigh wave at periods between 10 and 80 s (Fig. 3(c) ), and of the Love wave at periods between 15 and 80 s (Fig. 3(d) ). At periods larger then 80 s, spectral amplitudes are too small with respect to the noise level. At periods lower then 10 s, signals are strongly affected by multipathing and mode conversion due to small-scale heterogeneities. This mode coupling is enhanced at horizontal components (Stange and Friederich, 1992) . Therefore, we could measure Love wave group velocities only at periods greater than 15 s. The uncertainties of the group velocity measurement (shadowed areas in Figs. 3(c) and (d)) were roughly estimated from amplitudes of period-group velocity diagrams (Campillo et al, 1996) . Note that the largest uncertainty corresponds to a time error of approximately 10 s. For a shallow earthquake, this error is larger than an error caused by the neglecting of the source group time (Levshin et al, 1999) . We have calculated dispersion curves for the fundamental modes of the Love and Rayleigh waves for the model of Kuzin (1974) . They are shown with dashed lines in Figs. 3(c) and (d) . It can be seen that they are significantly different from the curves measured from the data.
S-wave Velocity Model
The measured dispersion curves were inverted to infer the vertical distribution of shear-wave velocities. We applied a two-step inversion of group velocity dispersion. In the first step the gradient inversion (Herrmann, 1987) has been done. In the second step, following Campillo et al. (1996) and Shapiro et al. (1997) . we estimated the uncertainty of the model using a Monte Carlo inversion, i.e. we have provided a random search of models satisfying the observation. Rayleigh and Love wave group velocities have been inverted simultaneously.
The starting model used in our inversion included six layers: three layers in the crust and three layers in the mantle. Layer thickness and velocities were taken from the model of Kuzin (1974) . During the inversion, the 5-wave velocities in the layers and the interface depths were changed, while the Poisson ratio in each layer has been fixed. The results of previous studies of the P-wave velocities could not be used as an a priori information in our inversion, since the most of these studies have been performed in the Eastern Kamchatka or beneath active Volcanoes and cannot be representative for the whole peninsula. Therefore, we have decided to fix the Poisson ratio in each layer (i.e. 1.73).
We have tested more than 20000 models and we have found over 1000 of them satisfying the observations. This set of acceptable models has been used to determine the uncertainty of our inversion. We have calculated average 5-wave velocities and depths and their standard deviations in each layer. The results of the inversion show that the structure below 70 km cannot be resolved (i.e. uncertainties are too large) using our data because it request that group velocities be measured at periods longer than 80 s. Therefore, in Fig. 4(a) , we only show the results for the upper 70 kilometers. The gray lines show all acceptable models found from the inversion. Dispersion curves corresponding to these models are shown in Fig. 4(b) . An average model and its standard deviation are represented by the solid line and the shadowed area in Fig. 4(a) . In Table 2 , we compare our preferred average model with the one by Kuzin (1974) indicated by the dashed line in Fig. 4(a) . While the interface depths are similar for both models, important differences in the velocities are evident. Relative to Kuzin's (1974) model, our model shows higher 5-wave velocities in the upper crust and lower velocities in the upper mantle.
In Fig. 5 , we compare the observed seismograms of event 1 with the reflectivity synthetic seismograms (Kennett, 1985; Randall, 1994) computed for two crustal structures: (a) the model of Kuzin (1974) and (b) the four-layer model represented by the solid line in Fig. 4(a) . The value of the seismic moment (4.87 -10 24 dyn/cm), the source depth (10 km), and the focal mechanism parameters (strike 329°, Dip 61°, and Rake 35°) used in the computation are taken from the Harvard Central Moment Tensor (CMT) catalog. Both the observed and synthetic seismograms have been band-passed between 0.02 and .05 Hz. It can be seen that the synthetics calculated for the structure determined from the inversion of surface wave dispersion curves fit the observations much better than those calculated for the model of Kuzin (1974) . The overall agreement between the observed and synthetic seismograms gives us confidence in the average crustal model found in this study and suggest that it could be used in rapid inversion of moment tensor from the regional seismic records of intraplate earthquakes.
Conclusions
In this study, we have determined an average velocity structure for the region between the Kamchatka Isthmus and Petropavlovsk-Kamchatski based on the inversion of the group velocity dispersion curves of the fundamental modes of the Rayleigh and Love waves. Taking into account the uncertainties of the Monte-Carlo inversion, only velocities at depths less than 70 km can be constrained. Finally, we propose a four-layer model including: a superficial 5 km lowvelocity layer, an upper crust, a lower crust, and an upper mantle. A major feature of the found model is the low Swave velocity in the upper mantle. In Table 3 , this found velocity is compared with the model presented by Kuzin (1974) and some standard global Earth velocity models like PREM b) (Dziewonski and Anderson, 1981) and IASP91 (Kennettand Engdahl, 1991) . Global and continental scale surface-wave tomographic studies reveals low-velocity anomaly in both phase (Ekstrom et a!., 1997 : Curtis et a!., 1998 and group Levshin, 1998: Levshin et a!., 2000) velocities at relatively long (~100 s) periods beneath Kamchatka peninsula. These observations also confirm the presence of the low-velocity material in the upper mantle. More direct observation from a tomographic study has been recently obtained by Levshin et al. (2000) . They have found a strong low-velocity anomaly in the propagation of the upper-mantle phases Sn and Pn below Kamchatka. The presence of the lowvelocity material in the upper mantle is in agreement with the tectonic regime of the peninsula. The subduction of the Pacific plate below the Eurasian plate results in the recent and present day volcanic activity (Shapiro et a!., 1987) and also in high heat flow values throughout the entire territory of Kamchatka (Smirnov and Sugrobov. 1980) . Synthetic tests show that the model found in this study gives a good agreement between observed and computed seismograms. In future, with more broadband stations available in the region, it could give a possibility for the determination of the moment tensors of regional earthquakes.
